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Electron transfer (ET) reactions through DNA 1 have been the 
subject of numerous investigations due to the implications for 
light-induced DNA damage 2 and the quest for understanding long- 
range ET events in biological molecules. 3 An important objective 
in this area continues to be the facile and site-specific incorpora- 
tion of metal complexes into DNA. While recent work has focused 
on nucleobasic and nonnucleosidic sites for the attachment of 
high-potential complexes, 4 our efforts have concentrated on the 
ribose ring (to minimize structural perturbations) as the incorpora- 
tion site for both high- and low-potential metal complexes. 5 

To this end, we have designed a novel chelating nucleoside 

(1) that enables the preparation of a series of metallonucleosides. 
We report the synthesis and spectral characteristics of a unique 
electron donor— acceptor pair prepared from 1 consisting of low- 

(2) and high-potential (3) metallonucleosides. Further, we describe 
the first example of a metal-containing oligonucleotide (4) 
prepared by solid-phase methods starting with the metal complex 
derivatized directly to a solid support. 

The metal-binding nucleoside 1, 5'-0-(4,4'-dimethoxytrityl)- 
2'-inrinomethylpyridyl-2'-deoxyuridine, was readily prepared in 
situ by condensation of 5'-DMT protected 2'-amino-2'-deoxyuri- 
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Figure 1. Synthesis and structures of 2'-ruthenated nucleosides and 
oligonucleotide 4: (a) 2-pyridinecarboxaldehyde, EtOH, 2 h; (b) Ru- 
(acac) 2 (CH 3 CN) 2 , EtOH, 1 h, 79% yield; and (c) Ru(bpy) 2 Cl 2 , EtOH, 4 
h, 19% yield. 
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Figure 2. Absorption spectra of [Ru(acac) 2 (l)] (2) (dashed line) and 
[Ru(bpy) 2 (l)] 2+ (3) (solid line) in ethanol and methanol, respectively. 

dine 6 with 2-pyridinecarboxaldehyde (Figure l). 7 The ruthenated 
nucleosides 2 and 3 were prepared by subsequent addition of Ru- 
(acac)2(CH 3 CN) 2 8 (acac = acetylacetonate) and Ru(bpy) 2 Cl 2 (bpy 
= 2,2'-bipyridine) to 1; they represent the range of metal 
complexes that can be inserted at the 2'-chelate site. 

Metallonucleoside 3 was selected for derivatization to the solid 
support due to its stability in both the mildly acidic and strongly 
basic solutions that are routinely encountered during automated 
DNA synthesis. Treatment of 3 with succinic anhydride produced 
the hemisuccinate form that was isolated by flash chromatography 
in 54% yield. 9 Derivatization of the solid support with succinated 
3 enabled the preparation of oligonucleotide 4 with yields 

(6) McGee, D.; Vaughn-Settle, A.; Vargesse, C; Zhai, Y. J. Org. Chem. 
19%, 61, 781-785. 

(7) Krider, E. S. Ph.D. Thesis, California Institute of Technology, Pasadena, 
CA, 2000. 

(8) Kobayashi, T.; Nishina, Y.; Shimizu, K.; Sato, G. P. Chem Lett. 1988, 
1137-1140. 

(9) Camthers, M. H.; Barone, A. D.; Beaucage, S. L.; Dodds, D. R.; Fisher, 
E. F.; McBride, L. J.; Matteucci. M.; Stabinsky, Z.; Tang, J.-Y Methods in 
Enzymologx: Recombinant DNA; Wu, R., Grossman, L., Eds.: Academic 
Press: New York, 1987; Vol. 154, pp 287-313. 



10.1021/ja9939643 CCC: $19.00 © 2000 American Chemical Society 
Published on Web 06/13/2000 



6288 J. Am. Chem. Soc, Vol. 122, 



2000 



(^) Communications to the Editor 



comparable to those observed in automated DNA synthesis. The 
duplex formed with 4 and its complementary sequence strand 
exhibited a single, cooperative melting transition with T m — 50 
°C (50 mM NaPi, 0.5 M Nad, pH 7.0; 2 °C higher than T m of 
the corresponding unmodified duplex). 

The spectral characteristics of metallonucleosides 2 and 3 are 
shown in Figure 2. The absorption spectrum of 2 reveals maxima 
at 396 ( € = 3600 M" 1 cm" 1 ) and 592 nm (e = 3400 M 1 cm J) 
in EtOH, which shift slightly in CH 2 C1 2 (392 nm, 3600 M 1 cm >; 
602 nm, 3700 M~ 1 cm" 1 ). The reduction potentials of 2 and the 
model complex, Ru(acac) 2 (impy) (impy = iminomethylpyridine), 
are 92 and 33 mV vs Ag/AgCl, respectively. Apparently, the 
proximity of the nucleoside to the metal center causes the 
reduction potential to shift to more positive values. 

The electronic spectra of 3 and 4 display a broad absorption 
band at 480 nm (* = 9100 M" 1 cm" 1 ), consistent with that 
previously reported by Keene and Meyer for Ru(bpy) 2 (impy). 
This band, which is red-shifted from A max = 452 nm(f = 14600 
M" 1 cm" 1 ) for [Ru(bpy)^] 2+ , reveals the effect of substituting 
iminomethylpyridine for bipyridine. Electrochemical measure- 
ments on 3 (in dichloromethane) and 4 (in water) give Ru(III/II) 
reduction potentials of 1.4 and 1.1 V vs Ag/AgCl, respectively. 

Irradition of 3 and 4 at 480 nm yields identical lifetimes (A max - 
(em) = 740 nm; r = 42 ns; <I> = 1.1 x 10" 4 ), which are shorter 
than that observed for [Ru(bpy) 3 ] 2+ (A max (em) = 625 nm; r - 
620 ns; <t> = 0.042). 11 Indeed, the differences in lifetime and 
quantum yield correspond to an increase in the nonradiative rate 
constant (U from 1.54 x 10 6 s" 1 for [Ru(bpy) 3 ] 2+ to 2.38 x 
10 7 s _1 for 4. The radiative rate constant (fc,) for 4 is on the order 
of 10 3 s" 1 , suggesting that the emissive state is similar to other 
Ru(bpy) 3 2+ -type chromophores. In comparison to [Ru(bpy) 3 ] + , 
the iminomethylpyridine ligand in [Ru(bpy) 2 (impy)] 2+ is respon- 
sible for the red-shifted emission and the increase in k^. 

We utilized resonance Raman (rR) spectroscopy to investigate 
the nature of the visible transitions of these complexes. The rR 
spectrum of 4 (identical to 3; 441.6 nm excitation) is similar to 
that of other ruthenium polypyridyl compounds (Figure 3). 1 The 
peaks at 1023, 1173, 1276, 1316, 1488, 1552, and 1604 cm" 1 
correspond well to those observed in the rR spectrum of [Ru- 
(bpy) 3 ] 2 + 13 Additional peaks (1242, 1471 cm" 1 ) represent excited- 
state distortions that are not present in [Ru(bpy) 3 ] 2 \ and can be 
attributed to the impy ligand. 

Despite the weak absorption of 2 at the available excitation 
frequencies (441.6 and 514.5 nm), rR spectroscopy provided 
valuable data The rR spectrum (441.6 nm excit ation) of 2 reveals 
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Figure 3. Resonance Raman spectrum of oligonucleotide 4 in unbuffered 
aqueous solution. 

characteristic acac vibrations at 1528 (v(CO)) and 1234 cm" 1 (v- 
(C-C)). 1415 Spectral features typically seen for polypyndyl 
complexes are absent, confirming the Ru cbr — acac ;r* nature 
of the transition. 16 The spectrum obtained with 514.5 nm excitation 
yields vibrations similar to those observed for complex 4 (1249, 
1288, 1501, 1530, 1551, and 1597 cm" 1 ). As a result, the low- 
energy band at 592 nm is assigned as a Ru djr — impy 
transition. 

The synthesis of both the low-potential complex 2 and the 
metal-modified solid support represents a significant advance in 
the development of metal-containing oligonucleotides. The syn- 
thetic versatility of 1 is demonstrated by the preparation of 2 and 
3. Further, the distinct absorption and electrochemical features 
of these complexes are well-suited for ground-state ET studies 
involving DNA. Future work will examine these characteristics 
and focus on additional means of incorporating similar oxidants. 
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